Abstract. The aim of the present study was to determine whether the expression of A disintegrin and metallproteinase 15 (ADAM15) affected the inflammatory conditions and cell migration in human fibroblast-like synoviocytes (FLSs) in a rat model of rheumatoid arthritis (RA). The expression of ADAM15 in FLSs stimulated with lipopolysaccharide (LPS) was confirmed by reverse transcription-quantitative polymerase chain reaction and western blot analysis. The effects of small interfering RNA targeting ADAM15 (siADAM5) on pro-inflammatory cytokines and chemokines were assessed using an enzyme-linked immunosorbent assay. The effects of siADAM15 on cell invasion and migration in FLS were also assessed in vitro. The therapeutic effects and side effects of ADAM15 in a rat model of collagen-induced arthritis (CIA) were examined in vivo. The present results revealed that ADAM15 expression was significantly elevated at the mRNA and protein level in FLSs stimulated with LPS and that silencing ADAM15 suppressed the expression of pro-inflammatory cytokines and chemokines, preventing FLS cell migration and invasion via inhibiting vascular endothelial growth factor-A, matrix metalloproteinase (MMP)1 and MMP-3 expression. In addition, treatment of CIA rats using siADAM15 significantly reduced the arthritis score and extent of joint damage in the rats. These findings indicated that silencing ADAM15 had anti-inflammatory effects in FLSs and efficiently inhibited the development of CIA. Therefore, ADAM15 may be a potential target molecule for RA therapies.
Introduction
Rheumatoid arthritis (RA) is an autoimmune disorder characterized by the accumulation of inflammatory cells in the joints, leading to hyperproliferation of synovial cells and tissue destruction (1, 2) . RA synovium contains high levels of inflammatory cytokines and abundant inflammatory cells, including infiltrating lymphocytes and monocytes (3) . Synovial tissue (ST) macrophages produce large quantities of proinflammatory cytokines and proteases, including tumor necrosis factor-α (TNF-α), interleukin (IL)-6, IL-15 and stromal cell-derived factor 1 (CXCL12) (4) (5) (6) (7) . These cytokines and chemokines have been associated with the progression of RA and may have pathogenic roles in the establishment of rheumatoid synovitis (4) (5) (6) (7) . Although biological preparations targeting these pro-inflammatory cytokines are widely used clinically in the treatment of RA, there are caveats in using the biological preparations, including risk of infections, such as tuberculosis, high cost and individual variations in efficacy (8) . However, the beneficial effects of cytokines are limited to a number of patients (8) . Thus, further investigation is required to develop therapies that achieve remission of RA for all patients.
A class of disintegrins and metallproteinases, termed ADAMs, are responsible for the liberation of a variety of cell surface-expressed proteins, and have been implicated in several inflammatory and degenerative pathological conditions (9) . ADAM15, a member of the ADAM family, has been observed to be upregulated in a variety of types of cancer and to contribute to cancer progression and metastasis (10) (11) (12) . In addition to its role in tumorigenesis, ADAM15 has important roles in degenerative joint disease (13) (14) (15) , as well as in inflammatory diseases, such as RA (16) . In particular, ADAM15 has been found to be markedly upregulated in the synovial membranes of patients with RA, with a marked level of expression in the hyperplastic synovial lining layer (17, 18) . ADAM15 has been observed to cleave various inflammatory and angiogenic mediators from the cell surface (16) . Previously, Bohm et al (19) revealed that ADAM15 contributes to apoptotic resistance in FLSs by activating the Src/ FAK pathway upon Fas ligand exposure (17) . These studies imply that ADAM15 may be involved in RA pathophysiology,
A disintegrin and metallproteinase 15 knockout decreases migration of fibroblast-like synoviocytes and inflammation in rheumatoid arthritis
and that inhibition of ADAM15 may decrease synovitis in RA. Therefore, in the present study, the association between ADAM15 expression and the expression of pro-inflammatory cytokines and chemokines in rat fibroblast-like synoviocytes (FLSs) was examined. The effects of small interfering RNA (siRNA) targeting ADAM15 in a rat model of collagen-induced arthritis (CIA) were also examined, as well as cell migration and invasion of FLSs.
Materials and methods
Cell culture. FLSs were obtained from the synovium of active anti-citrullinated protein antibody-positive RA patients during knee joint arthroscopy following ethical approval from the Ethics Committee of Changchun University of Chinese Medicine (Changchun, China; no. CZY2013-976). Informed consent was obtained from all patients. FLSs were isolated from synovial tissues via enzymatic digestion as previously described by Yoshioka et al (20) . FLSs were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL, Gaithersburg, MD, USA) containing 10% heat-inactivated fetal calf serum (FCS; Invitrogen Life Technologies, Carlsbad, CA, USA), supplemented with antibiotics (100 mg/ml streptomycin and 100 U/ml penicillin) in a humidified incubator at 37˚C in 5% CO 2 . Cells used for experiments were from the third to sixth passages.
Silencing of ADAM15 in synovial fibroblasts by RNA interference. Silencing of ADAM15 was performed using small interfering RNAs (siRNAs; Ambion, Austin, TX, USA) targeting ADAM15 (siADAM5) as described previously (21) . The nonsilencing siRNA control #1 (Ambion) was used as the negative control (siNC). FLSs (1x10 4 ) were seeded in 96-well culture plates and grown for 24 h. A total of 100 pmol siRNAs were mixed with 7.5 ml RNAiFect transfection reagent (Qiagen, Hilden, Germany) followed by incubation for 15 min. After 12 h, the cells were transfected with 20 µM siRNA using RNAiFect according to the manufacturer's instructions.
The expression of ADAM15 was examined using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blotting with an antibody against ADAM15 to validate the silencing efficiency of the target gene following RNAi.
RT-qPCR. Total RNA was extracted from cultured FLSs using TRIzol reagent (Invitrogen Life Technologies) according to the manufacturer's instructions. Subsequently, RNA was reverse-transcribed into cDNA using a Primescript™ RT reagent kit according to the manufacturer's instructions (Takara Bio Inc., Dalian, China). RT-qPCR was conducted using the SYBR green fluorescent dye method and a Rotor-Gene 3000 real-time PCR apparatus (Corbett Life Science, Sydney, Australia). ADAM15 gene-specific amplification was confirmed using PCR with specific primers sequences as follows: Sense: 5'-GGCAATCGAGGCAGCAAAT-3' and antisense: 5'-TGGTGGAGATCAGCCCAAAC-3' and then subjected to melting curve analysis. β-actin was used as an internal control for standardization. The primer sequences for β-actin were as follows: Sense: 5'-GATCATTGCTCCTCCTGAGC-3' and antisense: 5'-ACTCCTGCTTGCTGATCCAC-3'. The amplification was performed with an initial denaturation at 95˚C for 5 min followed by 40 cycles of 95˚C for 10 sec and 60˚C for 30 sec. All RT-qPCR assessments were performed in triplicate and were performed after the third day of siRNA transfection. The data were analyzed using the comparative Ct method.
Western blot analysis. The cells were collected and then homogenized in radioimmunoprecipitation assay lysis buffer (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) on ice for 30 min. Cell lysates were clarified by centrifugation at 10,000 x g for 15 min, and protein concentrations were determined using the Bradford reagent (Sigma-Aldrich Chemie GmbH). Equal quantities of protein (15 µg/lane) from the cell lysates were separated on an 8-15% SDS-polyacrylamide gel (SDS-PAGE) and transferred onto nitrocellulose membranes (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The membrane was incubated for 2 h in phosphate-buffered saline (PBS) plus 0.1% Tween-20 (PBST) and 5% non-fat skimmed milk to block nonspecific binding. Subsequently, the membranes were incubated overnight at 4˚C with primary antibodies. Following washing, proteins were visualized using an electrochemiluminescence detection kit (PerkinElmer, Inc., Waltham, MA, USA) with the rabbit anti-mouse horseradish peroxidase-conjugated IgG (1:12,000 dilution; cat. no. L100903) secondary antibody (Amersham Pharmacia Biotech, Piscataway, NJ, USA) for 2 h. All assays were performed after the third day of siRNA transfection. The primary antibodies used in the western blot analysis were as follows: Mouse monoclonal anti-human VEGF-A (1:1,000 dilution; cat. no. CB11008356; Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-human MMP-3 (1:3,000 dilution; cat. no. CB0364331; Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-human ADAM15 (1:1,000 dilution; cat. no. CB2556697; Santa Cruz Biotechnology, Inc.) and mouse monoclonal anti-human β-actin (1:5,000 dilution; cat. no. CB7664544; Santa Cruz Biotechnology, Inc.).
ELISA.
To quantify TNF-α, IL-6, IL-15 and CXCL12 production, cells transfected with siRNA were incubated for 8 h, followed by stimulation with 10 µg/ml lipopolysaccaride (LPS; Sigma-Aldrich, St. Louis, MO, USA), and then incubated for 24 h. At 24 h after LPS stimulation, the culture supernatant was harvested and the concentrations of TNF-α, IL-6, IL-15 and CXCL12 were measured using an ELISA kit for human TNF-α, IL-6, IL-15 and CXCL12 (Genzyme Techne, Minneapolis, MN, USA) according to the manufacturer's instructions. The concentrations of each were normalized relative to the total number of cells. The determinations were performed in duplicate for each cell culture preparation.
Detection of cell apoptosis. In order to measure the effect of siADAM15 on cell apoptosis, a terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay was performed. Briefly, FLSs were transfected with siADAM15, siNC for 24 h, followed by stimulation with 10 µg/ml LPS (Sigma-Aldrich) and then incubated for 48 h. Cellular DNA fragmentation was measured with the ApoTag Red in situ Apoptosis detection kit (Chemicon International, Temecula, CA, USA) according to the manufacturer's instructions. To quantify the apoptotic cells, the TUNEL-positive cells were counted using a confocal microscope (LEXT-OLS3100; Olympus, Tokyo, Japan). In addition, at the molecular level, caspase 3/7 activity was also detected as an additional indicator of apoptosis.
Determination of caspase 3/7 activity. A total of 1x10 4 synovial fibroblasts were seeded in 96-well culture plates and grown for 24 h in DMEM containing 10% FCS. Following silencing of ADAM15 for 24 h, cells were treated with 10 µg/ml LPS (Sigma-Aldrich) for 48 h, and then caspase 3/7 activity was measured using the Caspase-Glo 3/7 assay (Promega Corporation, Madison, WI, USA) on a Mithras LB 940 luminometer plate reader (Berthold Technologies, Bad Wildbad, Germany) as described previously (21) .
Cell migration and invasion assay. To assess the effect of siADAM15 on cell migration, a wound-healing assay was performed. Briefly, FLS were seeded at a density of 4x10 3 cells/well in a 96-well plate. After 48 h of siADAM15 transfection, the cells formed a fluent monolayer and were observed under a fluorescent microscope (CKX31; Olympus). A linear scratch was formed using a 10 µl pipette tip 120 h after infection. Wounded monolayers were washed with PBS to remove detached cells and debris. Transwell migration assays were performed using a 24-well Boyden chamber (6.5 mm diameter, 8.0 µm; BD Biosciences, Mountain View, CA, USA) according to the manufacturer's instructions. Photomicrographs of ten random fields were obtained (original magnification, x100), and cells were counted to calculate the average number of cells that had migrated.
For the in vitro invasion assay, similar experiments were performed using inserts coated using a Matrigel basement membrane matrix (BD Biosciences). Briefly, the Matrigel was diluted in serum-free cold media, placed into the upper chambers of a 24-well Transwell and incubated at 37˚C for 1 h. Cells were resuspended with serum-free DMEM media at a density of 5x10 4 cells/well and incubated for 48 h to evaluate cell migration. All experiments were performed in duplicate.
Induction of CIA and treatment CIA with siADAM15 in vivo.
A total of 30 6-8 week-old male DBA/1 rats (200-250 g) were purchased from the Institute of Laboratory Animal Science, Jilin University (Changchun, China), were maintained under specific pathogen-free conditions and provided with food and water ad libitum. All animal experiments were conducted according to the standards of animal care as outlined in the Guide for the Care and Use of Experimental Animals of Jilin University. To induce CIA, collagen type II (Collagen Research Center, Tokyo, Japan) was dissolved in 0.01 M acetic acid (2 mg/ml) and emulsified at 1:1 in Freund's incomplete adjuvant (Sigma-Aldrich; CII/FIA) on ice. DBA/1 rats were injected intradermally with 200 ml CII/FIA solution at the base of the tail.
Complexes of siRNA and atelocollagen (Boppard Co., Ltd., Beijing, China) were prepared as previously described (22) . The siRNA/atelocollagen complex was formed by mixing siRNAs with atelocollagen and these complexes were prepared in an injectable form. Subsequently, the siRNA/atelocollagen complexes (0.5 mg/kg body weight) were administered to rats with CIA twice weekly for three weeks. This protocol has been well established by Li et al (23) .
Arthritic score and histological analysis. Clinical arthritic assessment was performed every three days according to a previously described scoring system (23, 24) . The maximum score per paw was 3 with a total score of 12 per mouse. At the termination of the experiment the mice were sacrificed by CO 2 asphyxiation, and the hind limbs were fixed with 4% paraformaldehyde, decalcified and embedded in paraffin. Serial 4-µm sections were cut and stained with hematoxylin and eosin according to standard protocols for morphological analysis. The sections were analyzed microscopically (CX41; Olympus) for the degree of inflammation and arthritic changes, including infiltration of inflammatory cells, synovial proliferation, destruction of articular cartilage and bone destruction following a previously described method (23, 25) .
Statistical analysis. Statistical analysis of data was performed using SPSS 19.0 (IBM, Armonk, NY, USA) and GraphPad Prism 5.01 software (GraphPad Software, Inc., La Jolla, CA, USA). Data points and the bars indicate the mean ± standard deviation of three independent determinations. Data were analyzed using a one-way analysis of variance followed by Tukey's multiple comparison tests. P<0.01 was considered to indicate a statistically significant difference.
Results

siADAM15 suppresses the over-expression of ADAM15 induced by LPS in FLSs.
ADAM15 mRNA levels and protein levels in FLSs were measured using RT-qPCR and western blotting, respectively. The present result revealed that the ADAM15 mRNA level and protein level in the FLSs were significantly upregulated by LPS-stimulation compared with normal FLSs (without stimulation; P<0.01, Fig. 1A and B) . In addition, it was also identified that ADAM15 expression in siADAM15 treated FLSs was significantly decreased compared with untreated FLSs and FLSs treated with siNC (P<0.01; Fig. 1A and B) . These findings suggest that ADAM15 expression, which was upregulated by LPS-stimulation, was significantly inhibited by siADAM15 (Fig. 1) .
siADAM15 inhibits LPS-induced pro-inflammatory cytokines and CXCL16 expression in FLS.
To quantify TNF-α, IL-6, IL-15 and CXCL12 production, an ELISA was performed. It was found that transfection of si-ADAM15 significantly inhibited the expression of TNF-α, IL-6 and IL-15 upregulated by LPS (P<0.01; Fig. 2A-C) . The levels of CXCL-12 were also significantly reduced by transfection with siADAM15 (P<0.01; Fig. 2D ).
siADAM15 induces cell apoptosis of FLSs stimulated with LPS.
It was also examined whether silencing the ADAM15 gene had any effect on cell apoptosis using a TUNEL assay. FLSs were silenced for 24 h with the specific siRNAs or treated with a negative siRNA control and then subsequently exposed to LPS for 48 h, finally a TUNEL assay was performed. The present results demonstrated that silencing ADAM15 led to a marked increase in the number of apoptotic cells compared with the untreated control group and the si-NC treatment group (P<0.01; Fig. 3A ). In addition, no significant difference was identified between the control group and the si-NC group in the induction of FLS apoptosis.
In order to examine the possible mechanism of the pro-apoptotic effect of silencing ADAM15, caspase3/7 activity was determined using an ELISA. The results are shown in Fig. 3B . The results demonstrated that silencing ADAM15 Silencing ADAM15 suppression of LPS induces expression of pro-inflammatory cytokines in FLSs. Cells were transfected with siADAM15 or non-specific siRNA, and then stimulated with 10 mg/ml LPS. After 24 h, the culture supernatants were collected and concentrations of (A) TNF-α, (B) IL-6, (C) IL-15 and (D) CXCL12 were determined using ELISA. * P<0.01 versus non-specific siRNA, # P<0.01, versus control (n=10 per group). LPS, lipopolysaccharide; TNF-α, tumor necrosis factor-α; IL, interleukin; FLSs, fibroblast-like synoviocytes; siNC, non-specific siRNA; ADAM15, A disintegrin and metallproteinase 15; si, small interefering. Figure 3 . Silencing ADAM15 induces LPS-induced cell apoptosis and increased caspase3/7 activity. (A) FLSs were pretreated with siADAM15 for 24 h and exposed to LPS for 48 h, then cellular apoptosis was measured using a terminal deoxynucleotidyl transferase-mediated nick end labeling assay. (B) FLSs were pretreated with siADAM15 for 24 h and exposed to LPS for 48 h, then caspase3/7 activity was determined using ELISA, * P<0.01, versus non-specific siRNA, # P<0.01, versus control (n=10 per group). LPS, lipopolysaccharide; FLS, fibroblast-like synoviocytes; si-NC, non-specific siRNA; ADAM15, A disintegrin and metallproteinase 15; si, short interefering. siADAM15 inhibits FLS migration and invasion. To demonstrate the effect of ADAM15 on FLS migration and invasion, cell migration and invasion were analyzed. RA-FLS cells were treated with siADAM15 or siNC. As a result, ADAM15 silencing significantly attenuated the migration and invasion of RA-FLS (P<0.01; Fig. 4 ). These results imply that the presence of siADAM15 attenuates chemokine-induced FLS migratory behavior.
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ADAM15 silencing inhibits expression of VEGF-A, MMP-1, and MMP-3 in human RA-FLS.
To illustrate the possible mechanism of effect on the migration of silencing ADAM15, VEGF-A, MMP-1 and MMP-3 were further investigated in the human RA-FLSs. The cells were pretreated with siADAM15 or siNC for 24 h followed by stimulation with human LPS for 48 h. The supernatants were then assayed for VEGF-A, MMP-3 and MMP-9 expression using western blot analysis. The present results demonstrated that silencing ADAM15 resulted in a marked decrease in the levels of VEGF-A, MMP-1 and MMP-3 in the supernatants compared with the controls and the si-NC group (Fig. 5) .
ADAM15 silencing lowers arthritis score and histological damage in rats with CIA. The effect of silencing ADAM15 in a CIA rat model was also evaluated. The current results demonstrated that silencing ADAM15 reduced the arthritis score of CIA in rats during the treatment (P<0.01; Fig. 6A ). Furthermore, the histological examination at the end of the experiment revealed that the articular histological damage was markedly reduced by siADAM15 as compared with siNC treated rats (P<0.01; Fig. 6B and C).
Discussion
RA is an inflammatory degenerative joint disease involving tissue remodeling, in which the affected joints develop chronic synovitis, which is characterized by abundant neovascularization and infiltration of inflammatory cells. It has been observed that activated FLSs migrate throughout the joint and even invade other joints, leading to extensive cartilage and bone deterioration, which contributes to the development of RA (26) . FLSs have also been found to secrete multiple cytokines, such as TNF-α, IL-6, IL-1β and growth factors, including VEGF that in part activate an autocrine loop, resulting in further FLS hyperplasia (27) . A growing quantity of evidence indicates that the ADAM family is involved in the regulation of inflammatory responses, in which ADAM family members may be novel therapeutic targets for the treatment of inflammatory disorders (16) . ADAM15, a member of the ADAM family, has been observed to be highly expressed in the RA synovial membrane as well as in osteoarthritic chondrocytes, whereas its expression levels are markedly low in normal, nondiseased cartilage and synovial tissue (17, 18) . Thus, ADAM15 was examined as a viable therapeutic target for RA treatment. In the present study, the results demonstrated that LPS-stimulation of human 
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FLSs increased the expression of ADAM15, which were consistent with those of previous studies (13, 17, 18) . It was also identified that silencing ADAM15 suppressed the expression of pro-inflammatory cytokines and chemokines. In addition, the present results clearly demonstrated that treatment with siRNA against ADAM15 for three weeks reduced the arthritis score and extent of joint damage in the rats. These findings indicate that silencing ADAM15 may be a viable therapeutic target in the amelioration of disease progression in RA.
TNF-α and IL-6 are cytokines, which have major roles in the etiology of experimental arthritis in rats with CIA, as well as in human RA (28) . It has been demonstrated that TNF-α is a key inflamma tory cytokine involved in the pathogenesis of rheumatoid arthritis and inhibiting TNF-α expression via antagonism or alternate drug treatments is an effective treatment for RA (29, 30) . In the present study, it was determined whether the expression of ADAM15 effected the inflammatory conditions in human FLS. The present results demonstrated that transfection of siADAM15 in vitro inhibited LPS-induced TNF-α and IL-6 expression, suggesting that siADAM15 may have great potential for use as a therapeutic tool in the treatment of RA patients resistant to anti-cytokine therapies.
Matrix metalloproteinases (MMPs) are an important proteolytic enzyme family with a zinc-activated region that degrades numerous components of the extracellular matrix. They have an important role in tissue repair, cell invasion and metastasis (31) . It was found that MMP-1 and MMP-3 are produced by synovial lining cells in RA and exhibit a major role in the process of cartilage destruction in RA joints (32, 33) . In the present study, the results demonstrated that the expression of VEGF-A, MMP1 and MMP-3 was decreased by ADAM15 silencing and that RA-FLS migration and invasion were significantly attenuated by ADAM15 knockdown. These findings indicated that silencing ADAM15 attenuated FLS migration and invasion via inhibiting VEGF-A, MMP1 and MMP-3 protein expression.
In conclusion, the present study demonstrated that knockdown of ADAM15 by siRNA provided protection against the development of inflammation and joint destruction in a rat model of RA, and that ADAM15 silencing blocked FLS migration and invasion via inhibiting VEGF-A, MMP1 and MMP-3 expression. These findings indicated that ADAM15 may be a target molecule in therapies for RA.
